emote sensing is an established tool for the detection of field and plant characteristics, weeds and insect environments, crop growth status, and crop health. Although the following references are not an all-inclusive listing, airborne remote sensing has been used to detect early plant damage caused by insects (Peñuelas et al., 1995; Fitzgerald et al., 2000; Thomson and Sudbrink, 2004) , favorable plant environments for insect habitat (Willers et al., 2000 , Sudbrink et al., 2002a , weeds and wild host plants for tarnished plant bug (Brown et al., 1994; Sudbrink et al., 2002b; Shaw, 2005) , soil and crop nutrient status (Gopalapillai et al., 1998; Goel et al., 2003; Diker and Bausch, 2003; Reusch et al., 2005; Bajwa and Tian, 2005) , the onset of plant disease (Fletcher et al., 2001 (Fletcher et al., , 2004 Laudien et al, 2005; Thomson et al., 2005b) , and areas of crop vigor for site- Mention of a trade name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply approval of the product to the exclusion of others that may be available.
The authors are Steven J. Thomson 662-686-5240; fax: 662-686-5372; e-mail: sthomson@ars.usda. gov. specific application of cotton defoliant and growth regulators (Bagwell et al., 2005; Kirkpatrick et al., 2006) . Thermal imaging has been used to determine leaf water potential and predict the onset of crop water stress (Clarke, 1997; Colaizzi et al., 2003; Cohen et al., 2005) .
Agricultural aircraft (or spray planes) are easy to schedule for remote sensing because they are already used in the field for spraying operations. The imaging system essentially gets a free ride, and frequent scheduling can be very important for applications such as nutrient and water stress management. The use of agricultural aircraft for remote sensing is part of the on-going research at the Delta States Research Center, Stoneville, Mississippi (USDA-ARS and Mississippi State University cooperating). For our studies, an Air Tractor 402B agricultural aircraft was fitted with a modular remote sensing apparatus that could be moved into position using a convenient FAA-approved slide rail system (Smith, 1999;  fig. 1 ). Success has been demonstrated using digital video for detection of weeds and wild host plants for tarnished plant bug (Thomson and Bryson, 2001; Sudbrink et al., 2005; Thomson et al., 2005a) . Digital video has also been used for detection of deleterious constituents in water bodies (Zimba and Thomson, 2002; Thomson and Zimba, 2006) and detection of spectral characteristics of catfish ponds to support analysis of cormorant depredation (Radomski and Thomson, 2004) . Two different thermal imaging cameras are being used to detect the onset of crop water stress (Thomson et al., 2005b) and to detect fire ant mounds (Thomson and Vogt, 2003; Vogt et al., 2004) . Images are georeferenced using Global Positioning System (GPS) receivers in the airplane that are independent of the airplane's guidance system. A new project will use GPS receivers with camera firmware to trigger a digital-still multispectral camera (Tetracam, 2006) based on user-defined waypoints. Thus, it is important that the dynamic accuracy of stand-alone GPS receivers be evaluated to ensure that triggering occurs at correct field positions.
Remote sensing apparatus on the spray plane consists of several components that work together. The four components include: GPS receivers and interfaces for image georeferencing and position-based camera triggering, camera systems for remote sensing, remote controls for operating the cameras, and camera status indicators for the pilot. Two stand-alone GPS systems using different methods of differential correction have been evaluated by Thomson et al. (2002) for their suitability in georeferencing images for video mapping. Dynamic positioning data obtained from these GPS receivers could only be compared with data from the airplane's on-board guidance system, and there was no method to evaluate the receivers against an accurately specified ground position. Since that study was conducted, a novel ground-based event triggering device was developed to permit evaluation of GPS position latency and ground speed (Smith and Thomson, 2003) . Thus, both the on-board GPS-based guidance system and stand-alone GPS units can now be evaluated for dynamic positioning accuracy. Smith and Thomson (2005) evaluated positioning accuracy of the Satloc Airstar M3 GPS-based guidance system for use in variable-rate aerial application. Stand-alone GPS receivers are also being evaluated alongside the Satloc (Thomson and Smith, 2004) .
A simple pilot-controlled remote trigger and signaler was designed to be compatible with the video cameras or digital video (DV) VCRs used in our remote sensing applications. This setup consists of a pilot-activated infrared (IR) remote control with a fiber optic pass-thru to trigger video cameras and a device to give the pilot an indication of whether a camera (or video recorder attached to the thermal imaging camera) was recording or paused (on standby). An electronic comparator senses the increase in electrical current that occurs when the camera begins to record video versus when the camera is paused and the camera motor is idle. An LED signals the pilot when the camera is recording. Remote camera controllers (SignVideo, 2006; PixController, 2006) are available that interface with cameras having LanC compatibility (such as the Sony and Canon brands). However, one camera that is not LanC compatible is the Panasonic PV-GS120 3-CCD model, which is being used for a cormorant study over catfish ponds (Radomski and Thomson, 2004; Core, 2005) . This camera met the requirements for higher resolution required for our study, and this adjustable current-sensing method for signaling can be used with this camera or any video camera.
Instrumentation system components for remote sensing using agricultural aircraft are described herein. Evaluation of two stand-alone GPS receivers used to trigger cameras and georeference remote sensing images is outlined, thermal imagery obtained using a Raytheon PalmIR Pro camera and DV VCR on the aircraft is presented, and the remote controller/pilot signaling circuitry for the DV systems is described. Multispectral cameras are also being used in our studies, but one such camera (Tetracam, 2006) already has a manual trigger and camera status indicator option for the pilot. Therefore, description of remote controls will be confined to the DV camera systems used in our studies. Example verification of each system component that comprises the instrumentation system for remote sensing will be outlined.
METHODS
An FAA-approved guide rail system ( fig. 1 ) was designed to house all data acquisition devices including the camera, a video mapping system (VMS), and the notebook computers or microloggers required for research studies. illustrates instrumentation used on an Air Tractor 402-B airplane. Experiences we encountered for the FAA approval process are similar to those described by Weckler et al. (2002) .
FIELD IMAGING SYSTEMS

Digital Video
Sony DCR-TRV103 and Panasonic PV-GS120 digital video (DV) cameras have both been used in imaging experiments. Both cameras can be interfaced with a video mapping system (VMS) (Red Hen Systems, Fort Collins, Colo.), which sends GPS receiver data to the audio track of videotape for image georeferencing ( fig. 2) . However, only a camera or video player with LanC compatibility can be used with the VMS software for playback control and tape indexing. The Sony camera has those capabilities. The Sony camera's CCD has 460,000 gross pixels and 290,000 effective pixels, giving 500 lines × 580 pixels resolution. Extra pixels on the CCD were used by camera electronics to compensate for both horizontal and vertical motion of the camera without image degradation, an important feature for our application. With a 37 mm lens, the visible width to distance ratio was determined experimentally to be 0.85. This translates into 0.67 m/pixel ground resolution at 460 m altitude.
For higher flights, better resolution was desired, so the 3-CCD PV-GS120 camera was purchased, which has 290,000 (× 3) effective pixel resolution for video. The VMS was not used with this camera, as the cormorant study (Radomski and Thomson, 2004) did not require image georeferencing.
Thermal Imaging
A Raytheon Palm-IR Pro thermal imaging camera is one model that has been used for characterization of bare soil temperatures, spatial evaluation of crop water stress (Thomson et al., 2005b) , and detection of fire ant mounds (Thomson and Vogt, 2003) . This camera uses an uncooled ferroelectric BST (barium-strontium-titanium) array with 320 × 240 pixels and a spectral response of 7 to 14 microns. The video update rate is a standard 30 Hz, and the camera has VCR-compatible NTSC output as well as Flash Card image storage capability. The camera also has variable temperature sensitivity ranges and five color palettes to represent temperature. When the Raytheon camera was used for image acquisition, video was input directly to a Sony Digital 8 GV-D800 Walkman VCR ( fig. 2) . The thermal imaging camera operated from its own battery power. With a 25 mm lens, the visible width to distance ratio was determined to be 0.61. This translates into 0.88 m/pixel ground resolution at 460 m altitude.
GLOBAL POSITIONING SYSTEM
Accuracy of the stand-alone GPS units was determined using a ground-based event trigger (Smith and Thomson, 2003) , whose electronics were interfaced with the airplane's Satloc M3 guidance system. The stand-alone GPS receivers and data acquisition devices used for image georeferencing were placed in parallel with the Satloc system to evaluate their performance indirectly against an accurately specified ground position. This was accomplished by comparing readings from the stand-alone receiver with readings from the Satloc's GPS receiver.
Positioning error for the Satloc was determined first. After the flights, time stamps from the stand-alone units were matched with data files from the Satloc's Mapstar program. Ground-based components of the event triggering system to evaluate GPS receivers consisted of two mirrors (29 × 120 cm) placed strategically to reflect sunlight vertically to a downward-looking photocell placed beneath the aircraft. When the plane passed over the ground reference position, a record was placed in the Satloc data file, which included location coordinates. One mirror was placed directly over the reference point such that its long dimension was perpendicular to the direction of flight. The mirror was supported on a stand that provided for full-range angle adjustment to achieve a vertical beam of light. A second mirror was placed about 15 m away from the first mirror and was used to reflect sunlight to the reference-point mirror. The second mirror was physically monitored during each test to ensure proper attitude as the sun changed position. Both mirrors were positioned and adjusted before initiating data collection by positioning a small horizontal surface on a pole approximately 3 m above the reference point and centering the surface over it using a plumb bob. This was done to ensure a vertical beam of light to the airplane. The light beam was centered on the horizontal surface by adjustment of the mirror angles while the plumb bob was directly over the reference point. When the ground position was reached by the aircraft, the vertical beam of sunlight was detected by the photocell, causing a solid-state relay to close through appropriate circuitry designed by the second author. When the relay closed, a record was placed in the Satloc data file to 0.01s precision, allowing the exact position to be logged. A circuit schematic and pictorial of the mirror-based system can be found in Smith and Thomson (2003) .
To determine positioning error for the Satloc, four flights in four directions each (N, S, E, W or 0°, 180°, 90°, and 270°h eadings) were conducted on four different dates in 2003. The airplane was flown at an approximate 3.0 m height, as judged by the pilot, directly above a ground target referenced using both a Garmin 76S WAAS-corrected GPS and Rockwell Collins PLGR+. The latter uses the military PPS (precise positioning signal) to obtain a position fix (Sidle, 1999) . Locations of ground positions were confirmed using an RTK GPS system based on the Trimble MS750 receiver. Two stand-alone GPS receivers used for remote sensing studies were evaluated alongside the Satloc: the Garmin 76S (WAAS-enabled), and the Lowrance Airmap 100. Both units operated at 9600 baud and used separate Hewlett Packard 200LX DOS-based palmtops for data collection via a serial connection. GPS data acquisition routines were programmed externally in QuickBasic 4.5 and then uploaded to the palmtops. The routines were programmed to read NMEA sentences (from the Lowrance receiver) and text output (from the Garmin receiver). For the Lowrance receiver, the program could be modified to extract data of interest from either $GPGGA or $GPRMC data strings.
CAMERA STATUS INDICATOR CIRCUITRY
The pilot triggered the camera using the camera's IR remote coupled through a fiber optic cable, which is placed in front of the camera (fig. 2) . The pilot viewed ground areas to trigger the camera via a 1.6 cm (4 in.) diameter TFT monitor (EarthLCD, San Juan Capistrano, Cal.) connected via pass-thru to the Digital 8 video camera ( fig. 3 ). The DV VCR used a similar arrangement. Although the DV VCR was not supplied with a remote control, it was found that the IR remote for the DV camera would also work for this same-branded VCR. The IR signals, fed via fiber optic cable, allowed the pilot to pause the camera so only areas of interest were imaged.
Since video was simply passed through whether the camera was recording or paused, the pilot did not have indication about camera status, so some type of signaler was needed to indicate camera or VCR status to the pilot. Figure 4 illustrates current-sensing circuitry used to accomplish this. An adjustable power supply was used to power the camera. The current-sensing circuitry was powered by a 9 V battery, separate and isolated from the video camera power supply. A floating battery supply was necessary because current-sensing was accomplished in one leg of the power supplied to the camera. In operation, a current-sensing comparator (U1D) detects electrical current drawn by the camera. The camera draws slightly more current when the camera is recording than when it is paused, and the comparator circuit detects this difference. Some hysteresis is introduced in the comparator circuit by the network of R2 and R4. This network helps re− duce oscillation (multiple transitions) at the output when changing state. The increase in current increases the voltage drop across the 1 W resistor R1, which is detected by the comparator. Resistor R3 trims the voltage trigger point. Because there is still some observed noise around the voltage transition point, a 2nd-order Butterworth low-pass filter, set to a 1 Hz break frequency, was placed before the LED driver to further condition the signal. The value of resistor R4 could have been altered in an attempt to increase hysteresis, but this filter arrangement was found to work very well.
Camera Status Indicator
The pilot is signaled that the camera is recording via an LED directly in his line of sight. Figure 5a is a close-up of the monitor with the miniaturized current-sensing circuitry and the signaling LED. Figure 5b illustrates a case made to house the IR remote control. This case was strapped to the pilot's wrist, permitting him to have convenient one-button access for activating the camera.
SYSTEM EVALUATIONS FIELD IMAGING SYSTEMS
The main thrust of our research using thermal IR has been to indicate areas of pending crop water stress, and this has been documented (Thomson and Vogt, 2003; Thomson et al., 2005b) . However, many other important features that impact farm management have also been observed using thermal IR. Figure 6 illustrates some of these field anomalies and features. For all images, the Raytheon camera was set to f-stop 1.2 and the airplane was flown at a 460 m altitude. One of the five color palettes built into the camera firmware was selected to represent relative temperature differences. The palette chosen represented cooler areas with black to blue and warmer areas progressively with green, yellow, red, and white. A range control with twelve gain settings was used to adjust temperature resolution over the entire scene. Through experimentation and subjective analysis of imagery, the second highest gain setting (2/12) was set. A 50 mm lens was used to obtain figure 6a, while a wider-angle 25 mm lens was used to obtain figures 6b and 6c. Figure 6a illustrates an image taken early in the season on day of year (DOY) visible to the naked eye. Horizontal striations in the field at the left of the image are compacted areas where the Veris 3100 EC soil mapping system (Veris Technologies, Salina, Kansas) was tracked through the field. Figure 6b illustrates a 2.5 ha cotton field under partially closed canopy, taken on DOY 190 (9 July 2003). The lighter areas (upper left of the image) indicate the warmer soil surface showing through the canopy. The dark patch at the lower right of figure 6b indicates higher crop vigor in a coarser, well-drained soil. The Veris system had been run on this field to indicate relative soil composition differences. Soil types change diagonally from a clay soil in the northwest corner to a well-drained sandier texture in the southeast corner, near a creek. The southeast portion has had higher yield for cotton as long as there has been ample water early in the season (Thomson and Hanks, 2004) . A 2.5 ha non-irrigated soybean field of a uniform Sharkey clay (fully closed canopy) was imaged on DOY 191 (10 July 2003). This image ( fig. 6c) indicates very good canopy temperature uniformity across the field.
GLOBAL POSITIONING SYSTEM Prerequisite Evaluation of Satloc Airstar M3
To evaluate the stand-alone GPS units used for image georeferencing, the GPS receiver in the Satloc guidance system was evaluated first against an accurately specified ground location (Smith and Thomson, 2005) . Typically, slow updating (1 Hz) of the stand-alone GPS units precluded direct evaluation against the ground point, but these units could be evaluated for accuracy indirectly by comparing their position readings with readings from the Satloc. Average position coordinates from the four measurement replicates for each direction were collected for the Satloc over a five-week period in conjunction with coordinates for a common reference point. Data collected for 16 October 2003 are typical of the entire study. For 16 October 2003, the Satloc lagged the ground reference point by an average of −4.53 m (SD = 0.68 m) in the east-west directions and led the reference point in the north-south directions by an average of +7.88 m (SD = 0.52 m) over 16 total runs (four in each direction). All tests over the five-week period exhibited these consistent, directionally dependent patterns. A certain amount of negative latency was expected for all directions, but positive latency was not expected.
A comparison of the northing values for the east and west runs (with the reference point northing coordinate as indicated by the Rockwell receiver) revealed cross-track errors less than 1 m. Likewise, cross-track errors were less than 1 m when traveling in the north or south directions. Low cross-track error is consistent with past evaluations of Satloc swath guidance systems used on agricultural aircraft Smith and Thomson, 2003) . Figure 7 illustrates a plot of position differences between the Satloc M3 and the Garmin 76S (WAAS-enabled) and Lowrance Airmap 100 GPS receivers. The airplane was traveling in a northerly direction, and data were taken on 4 November 2003. Time stamps were matched between the Satloc and the GPS test receivers for these comparisons. The pilot was instructed to change speeds arbitrarily within a range along a northerly course to obtain enough data for evaluation of the GPS receiver sensitivity to changes in ground speed. The Satloc was already determined to be insensitive to changes in ground speed (Smith and Thomson, 2005) , so the stand-alone GPS receivers could be evaluated and compared with each other based on their differences with the Satloc receiver.
Accuracy of the Stand-Alone GPS Receivers
The Lowrance receiver was insensitive to changes in ground speed over the speeds indicated ( fig. 7) , but it exhibited a curious lead in position (over the Satloc) of about 140 m when time stamps were matched between the two units. This translates into 2.16 s lead time at the 63 m/s average ground speed. The Garmin unit showed high sensitivity to changes in ground speed, although registered positions were somewhat closer than the Airmap to those of the Satloc.
CAMERA STATUS INDICATOR CIRCUITRY
The camera status signaling system that allows the pilot to see whether the camera (or DV VCR) is activated was very stable throughout seasonal testing, and no adjustments to the voltage threshold were required unless the internal battery became weak. When the DV VCR was used with the thermal imaging camera, the circuit threshold to trigger the LED ( fig. 4 ) was adjusted slightly using R3 since the DV VCR drew less current than the camera. The pilot was able to observe RGB ground images clearly using the monitor connected to the DV camera or VCR, although thermal and near-infrared (NIR) images were more difficult to observe in the cockpit.
SUMMARY AND DISCUSSION
A platform for image-based remote sensing was developed for agricultural aircraft. Instrumentation systems for optical and thermal remote sensing were described. The image-based remote sensing systems are being used to support research programs at the Jamie Whitten Delta States Research Center, Stoneville Mississippi (USDA-ARS and Mississippi State University cooperating). Uses of remote sensing systems in past experiments were documented, example applications using a Raytheon thermal imaging camera were illustrated, data from the stand-alone GPS units used to trigger camera systems were compared with data from the airplane's GPS receiver used for guidance, and a pilot-controlled camera triggering and signaling unit was described.
The Lowrance Airmap 100 GPS receiver presented a 2.16 s look-ahead compared with data from the Satloc Airstar M3, which had already been evaluated against ground position. This type of information would be useful when using stand-alone GPS receivers for camera triggering at a pre-specified waypoint. A newer Lowrance Airmap 1000 GPS receiver with WAAS differential correction has been purchased and will be evaluated for accuracy against the Satloc. However, it does not appear that differential correction will make a significant improvement to along-track (longitudinal) dynamic accuracy, as positioning differences (indirectly tied to ground position by comparison with the Satloc) were so pronounced. The Garmin 76S GPS receiver exhibited a marked influence of ground speed on positioning differences, making this unit unsuitable for use in the airplane. It should be noted that this Garmin receiver is not designed for use in aircraft, but the Lowrance receiver is designed for use in aircraft. Interfacing the VMS or other external hardware directly with the Satloc system was not a feasible option for our studies, as this would have required modification to pre-installed wiring harnesses. Approval of an alteration like this by the FAA was not likely. The Satloc Airstar M3, however, can be programmed to output data every 0.2 s (5 Hz), which could provide better resolution of position for video mapping. The VMS should be capable of updating that quickly, although experimental tests of the VMS 200 indicated only a 2 to 3 Hz recording capability with a 5 Hz signal .
The stand-alone GPS receivers could not be configured to output a data file in response to the ground-based event trigger because the updating frequency was too slow (once per second vs. 0.01 second response to a triggered event for the Satloc). However, if a hypothetical situation existed such that the Lowrance could be triggered at the exact second over an accurately specified ground location, it is not clear what the coincidental data between the Satloc and the stand-alone receivers would show, or whether timing or position differences between the two units would be indicated. The observed "look-ahead" exhibited by the Lowrance Airmap is peculiar but is likely involved with the data filtering scheme in the GPS engine algorithm. These effects can be difficult to quantify. The time component of GPS receiver dynamic accuracy has been shown to cause errors of up to 1.6 s in a ground study (Haugen et al., 2000) , but we have not seen "lead" or "look-ahead" documented on the ground to the magnitude observed in this aerial study.
Since positioning data from the Satloc M3 GPS receiver were used to evaluate the stand-alone units, the performance of the Satloc M3 GPS receiver is worthy of further discussion since the initial evaluation was conducted (Smith and Thomson, 2005) . For one representative day of testing, results indicated that the Satloc lagged the ground reference point by an average of −4.53 m (SD = 0.68 m) in the east-west directions and led the reference point by an average of +7.88 m (SD = 0.52 m) over 16 total runs in the north-south directions. This result was consistent over five weeks of testing. Ehsani et al. (2003) evaluated five ground-based DGPS receivers while driving in a straight path. Cross-track error was calculated from position differences between the GPS units under test and a precision real-time kinematic (RTK) GPS receiver. Overall, cross-track error was higher in the N-S direction for all DGPS receivers tested (when driving in an E-W direction). Greater cross-track errors in the N-S direction were attributed to the lack of GPS satellites in the north. Ayers et al. (2004) found that the standard deviation of ground-based GPS receiver errors in the N-S direction was higher than that in the E-W direction. It is not clear whether trends like these can explain along-track (longitudinal) differences in Satloc readings, which also depended on the direction of travel. Signal quality for the GPS receivers was not evaluated herein, although these data were obtained over the term of this study. An earlier version of the Satloc Airstar was found to perform consistently with OmniStar L-band satellite-broadcast differential correction , while the Satloc Airstar M3 used for this study relied on WAAS-based correction signals.
Along with the VMS systems, Red Hen Systems now has a device called the sDVR (spatial digital video recorder) that has VMS technology integrated into it. This system has inputs for up to four cameras and records the video and VMS data in the audio channel directly to a hard drive in mpeg2 format, which eliminates the need for post-mission indexing.
